We demonstrate all-fiber integrated chirped pulse amplification ͑CPA͒ at 1.06 m using an air-core photonic bandgap fiber ͑APBF͒. Prior to the CPA stage, 4.0 ps pulses from a modelocked fiber laser were compressed to 1.3 ps in an all fiber integrated pulse compressor based on spectral broadening in a holey fiber and compression in a 12.4 m length of APBF. The compressed 1.3 ps pulses were then stretched to ϳ20 ps in 125 m of single mode fiber, amplified in a large mode area YDFA and recompressed to 600 fs in 50 m of APBF, which was directly spliced to the amplifier output fiber. The 600 fs output pulses had an estimated peak power of 2.6 kW. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2112190͔
We demonstrate all-fiber integrated chirped pulse amplification ͑CPA͒ at 1.06 m using an air-core photonic bandgap fiber ͑APBF͒. Prior to the CPA stage, 4.0 ps pulses from a modelocked fiber laser were compressed to 1.3 ps in an all fiber integrated pulse compressor based on spectral broadening in a holey fiber and compression in a 12.4 m length of APBF. The compressed 1.3 ps pulses were then stretched to ϳ20 ps in 125 m of single mode fiber, amplified in a large mode area YDFA and recompressed to 600 fs in 50 m of APBF, which was directly spliced to the amplifier output fiber. The 600 fs output pulses had an estimated peak power of 2. There has been much recent interest in the development of chirped pulse amplification ͑CPA͒ systems using air-core photonic bandgap fiber ͑APBF͒ as the anomalously dispersive element. [1] [2] [3] [4] Since APBFs can be fusion spliced to standard fiber, these fiber compressors offer the potential for the development of high peak power ultrashort pulse sources which do not require bulk optical alignment, thus making for robust, compact systems. Such sources should prove useful for high peak power ultrashort pulse applications both within and outside of the laboratory. [5] [6] [7] [8] The potential of all fiber integrated APBF based ultrashort pulse CPA systems to compete ͑in terms of peak power͒ with conventional grating pair based systems has been verified in the fiber based systems described in Refs. 3 and 4. In these schemes, however, bulk optical elements were used in the fiber setup, and, in particular, bulk coupling into the APBF was employed, so that the advantages of the all fiber approach were limited. While allfiber integrated APBF based CPA systems have been demonstrated, obtaining multi-kilowatt peak powers with durations of ϳ1 picosecond, 1,2 these systems have operated in the Erbium gain band. In this letter, we demonstrate, for the first time to our knowledge, a totally fiber integrated APBF based CPA system which operates in the ytterbium gain band. Note that operation at 1.06 m presents new constraints, because standard fiber is necessarily normally dispersive in this wavelength regime, and also has higher nonlinearity and loss than at 1.5 m.
The experimental setup is shown in Fig. 1 and consists of two stages. In the bandwidth generation and initial compression stage ͑Stage 1͒, 4.0 ps pulses at a repetition rate of 58 MHz from a passively modelocked fiber laser were spectrally broadened following amplification in a ytterbium doped fiber amplifier ͑YDFA1͒ and propagation through 5 m of Holey Fiber ͑HF͒. The output fiber of YDFA1 was directly spliced to the HF with a splice loss of 1.5 dB. The holey fiber used had a zero dispersion wavelength of ϳ1040 nm, a nonlinearity coefficient of ϳ13 W −1 km −1 and a loss of 1.9 dB/ km at 1040 nm. The pulses were then compressed in 12.4 m of aircore photonic bandgap fiber ͑APBF1͒, which had an estimated anomalous dispersion of ϳ25 psnm −1 km −1 . A polarization controller was used to optimize the polarization before APBF1. The polarization controller was spliced to the HF with a splice loss of 1.85 dB, and to APBF1 with a loss of 1.0 dB. When the initial compression stage is first turned on, it produces pulses as short as ϳ450 fs. However, as the YDFA heats up, the gain drops, and the pulse duration increases due to the reduction in spectral broadening. For the CPA experiment, the autocorrelation trace and spectrum ͑0.1 nm resolution͒ after stage 1 are shown in Figs. 2 and 3 , respectively. Assuming a sech 2 pulse shape, the autocorrelation trace corresponds to a 1.3 ps pulse. Although the pulses at this point were significantly chirped, the chirp is somewhat compensated in the CPA stage, as described below. The average power at this point was ϳ30 mW.
In order to avoid nonlinearity in the following fibers, the output of the initial compression stage was deliberately attenuated by means of a lossy ͑ϳ10 dB͒ splice between the aircore output and a length of single mode fiber ͑SMF͒. Further attenuation was obtained through the use of a 50-50 coupler, which also served as a system monitor. The pulses were then stretched to ϳ20 ps in 125 m of single mode fiber, which had a dispersion of ϳ50 ps nm −1 km −1 . The absence of significant nonlinearity in the stretcher was confirmed by measurement of the spectral similarity before and after stretching the pulses.
The pulses were then amplified in a large mode area ͑LMA͒ ytterbium doped amplifier ͑YDFA2͒ and compressed in 50 m of APBF ͑APBF2͒. The mode field diameter of YDFA2 was 10.5 m. The LMA output fiber of YDFA2 was directly spliced to APBF2, with a splice loss of 0.9 dB. Note that while the low power input of the amplifier was isolated, an isolator was not used at the output of YDFA2. This is an important advantage in terms of robust operation, since high power fiber pigtailed isolators typically require occasional lens readjustment due to thermal or mechanical misalignment. A polarization controller was used before YDFA2 to optimize the polarization state launched into APBF2. APBF2 had a bandgap ͑Ͻ100 dB/ km͒ between 975 and 1110 nm, a loss of 90 dB/ km at 1.06 m and a dispersion of ϳ130 ps/ nm/ km at 1.06 m. The autocorrelation trace and spectrum at the output of the ABPF2 are shown in Figs. 2  and 3 , respectively. The spectral bandwidth is narrower at the output of APBF2 than before YDFA2. We attribute this to the amplifier operating in the unsaturated regime. Assuming a sech 2 pulse shape, the autocorrelation trace corresponds to a 600 fs pulse. The fact that the APBF2 output pulses were shorter than the stretcher input pulses indicates that some of the chirp of the stretcher input pulses was compensated for in APBF2. The FWHM spectral bandwidth at the output of APBF2 is ϳ3 nm, which is larger than the 2 nm required to support 600 fs sech 2 pulses. The additional bandwidth may be due to the development of nonlinear chirp in the bandwidth generation stage or to incomplete dispersion compensation due to higher order dispersion in the stretching or compression fibers.
The average power after APBF2 output was measured to be 125 mW, with a corresponding estimated peak power of 2.6 kW. Further increase of the gain of YDFA2 would have resulted in amplified back reflections from the splice between YDFA2 and APBF2 exceeding the power handling of the fiber pigtailed isolator at the input of YDFA2. Note that the use of a high power fiber pigtailed isolator after YDFA2 resulted in a lower peak power of 1.3 kW, which was limited by nonlinear pulse distortion in the isolator fibers.
Scalability of the peak power could potentially by achieved by lowering the repetition rate of the input pulse source until the peak power became limited by nonlinearity in the LMA amplifier. More generally, the development of air-core fiber with increased dispersion and lower loss would allow further peak power increase in all fiber CPA systems. In addition the problem of dispersion slope in APBF is an important consideration to be addressed if shorter, pedestal free compressed pulses are to be achieved.
In conclusion we have demonstrated a ytterbium gain band all fiber integrated chirped pulse amplification system using aircore photonic bandgap fiber. 4.0 ps pulses from a modelocked fiber laser were compressed to 1.3 ps in an initial SPM based compression stage. The pulses were then dispersed in 125 m of SMF, amplified in a LMA YDFA and compressed in 50 m of APBF, which was directly spliced to the YDFA output fiber. Pulses of ϳ600 fs duration with a peak power of ϳ2.6 kW were obtained at the system output.
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